The presence of trapped gas in otherwise water-saturated porous media has a substantial effect on water flow, which is important to a wide variety of subsurface applications including groundwater remediation, CO 2 sequestration, and the release of greenhouse gases associated with oil and gas development. Trapped gases can be created by external drainage and imbibition, where fluids invade from system boundaries, or by internal drainage (exsolution), where gas is produced at nucleation sites within a porous medium. A series of laboratory experiments were conducted in thin flow cells, in which H 2 gas was produced by the reaction of sodium borohydride and water to produce a range of trapped gas saturations. Aqueous relative permeability was measured following H 2 exsolution and during dissolution and compared with measurements in the presence of air trapped by external drainage and imbibition. The results showed that gas saturations higher than those produced by external displacement remained trapped (immobile) when produced by exsolution but that aqueous relative permeability was similar at the same gas saturations. The results of this study suggest that traditional aqueous relative permeability relationships based on external drainage may be suitable to describe the effects of internal drainage in uniform, loosely packed sands. However, additional investigation across a wider range of porous media and at higher gas saturations is required.
The presence of trapped gas in otherwise water-saturated porous media has a substantial effect on water flow, which is important to a wide variety of subsurface applications including groundwater remediation, CO 2 sequestration, and the release of greenhouse gases associated with oil and gas development. Trapped gases can be created by external drainage and imbibition, where fluids invade from system boundaries, or by internal drainage (exsolution), where gas is produced at nucleation sites within a porous medium. A series of laboratory experiments were conducted in thin flow cells, in which H 2 gas was produced by the reaction of sodium borohydride and water to produce a range of trapped gas saturations. Aqueous relative permeability was measured following H 2 exsolution and during dissolution and compared with measurements in the presence of air trapped by external drainage and imbibition. The results showed that gas saturations higher than those produced by external displacement remained trapped (immobile) when produced by exsolution but that aqueous relative permeability was similar at the same gas saturations. The results of this study suggest that traditional aqueous relative permeability relationships based on external drainage may be suitable to describe the effects of internal drainage in uniform, loosely packed sands. However, additional investigation across a wider range of porous media and at higher gas saturations is required.
Abbreviations: nZVI, nanoscale zero-valent iron.
A free gas phase can be generated in otherwise water-saturated subsurface environments through a variety of different processes. In shallow aquifers, these include natural processes, such as water table fluctuations (Ryan et al., 2000) and biogenic gas production. They also include processes related to the application of groundwater remediation technologies, such as gas injection during in situ air sparging (Tomlinson et al., 2003) or biostimulation (Balcke et al., 2007) , and the exsolution of dissolved gases produced by remediation-related reactions, such as CO 2 and CH 4 during in situ bioremediation (Ye et al., 2009) , CO 2 during in situ chemical oxidation (Sra, 2010) , or H 2 during nanoscale zero-valent iron injection (Johnson et al., 2013) . Recently, the movement of greenhouse gases, including CO 2 and CH 4 , from deeper sources related to carbon sequestration or oil and gas development has also received attention (Plampin et al., 2014a; Forde et al., 2018) . In each of these cases, an understanding of gas migration, including flow and trapping, and the effects of that migration on gas transport, water flow, and mass transfer between the gas and water phases is important for risk assessment, remediation design, and the implementation of monitoring strategies.
While each of the natural and remediation-based processes can result in gas migration and trapping, the exsolution of dissolved gases is different from direct gas injection, gas migration from deeper zones, or gas movement and trapping during repeated cycles of drainage and imbibition due to water table fluctuations. Gas migration often occurs as an external drainage process, where gas invades a porous medium from an external boundary. During external drainage, gas preferentially invades the larger pores as capillary pressure increases and then exists as a connected phase until a decrease in capillary pressure with Core Ideas • Aqueous relative permeability experiments followed gas exsolution and trapping. • Hydrogen gas was produced by the reaction of sodium borohydride and water. • Internal drainage, external drainage and imbibition, and dissolution were compared. • Trapped gas saturations were higher following internal drainage. • Aqueous relative permeability was similar for internal and external displacement.
imbibition results in disconnection and gas trapping. Exsolution, however, is an internal drainage process, where gas is produced at nucleation sites within individual pores and remains disconnected and trapped during drainage until coalescence of neighboring gas bubbles occurs. Exsolution is caused by supersaturation of dissolved gases, often resulting from a decrease in system pressure or an increase in temperature (Yortsos and Parlar, 1989) , but can also be the result of gas production in excess of solubility limits. Prolonged exsolution can lead to local coalescence and the flow of isolated gas clusters by buoyancy (gas bubble flow), subject to the permeability of the medium, as well as larger scale coalescence to create a connected gas phase. With gas production at distributed nucleation sites rather than only in the larger pores, a greater range of trapped gas saturation may be possible for gas formed by exsolution prior to larger scale coalescence compared with gases trapped by external drainage and imbibition (Zuo et al., 2012) . In turn, the aqueous relative permeability may or may not be different for trapped gas at the same saturation produced by exsolution or external drainage and imbibition. Numerous studies have been performed to investigate aqueous relative permeability, including studies focused on the effects of trapped gas (e.g., Faybishenko, 1995; Sakaguchi et al., 2005; Marinas et al., 2013) . However, most of these studies have investigated gas trapped by external drainage and imbibition rather than by exsolution. In addition, changes in aqueous relative permeability during the dissolution of a previously exsolved gas, as would occur for a return to initial conditions following remediationbased gas production, have not been investigated. Those studies that have specifically investigated internal drainage have done so in sandstone cores (Zuo et al., 2012; Egermann and Vizika, 2001) , micromodels (Jang and Santamarina, 2014) , or pore network models (Poulsen et al., 2001) rather than in unconsolidated material that is more representative of shallow aquifers. Previous studies have also often used pressure depletion of CO 2 -saturated solutions to achieve exsolution, at pressures and temperatures greater than those encountered in groundwater remediation applications. There is a need for the investigation of gas-phase dynamics and relative permeability effects in unconsolidated porous media and for the development of alternate laboratory techniques to investigate exsolution triggered by dissolved gas production at relatively low temperature and pressure.
The purpose of this study was to investigate the effects of gas exsolution on aqueous relative permeability in unconsolidated sands. The specific objectives were to: (i) measure aqueous relative permeability across a range of trapped gas saturations during exsolution and dissolution; and (ii) compare aqueous relative permeability in the presence of trapped gas from exsolution with trapped gas created by external drainage and imbibition. These objectives were addressed using a series of laboratory experiments conducted in a thin flow cell and using the reaction of sodium borohydride (NaBH 4 ) and water to exsolve H 2 as a novel method to investigate the effects of internal drainage. In addition to providing a useful laboratory technique, the exsolution of H 2 is of particular interest because of its importance to the remediation of chlorinated organics by the injection of nanoscale zero-valent iron (nZVI) (Fan et al., 2016; O'Carroll et al., 2013; Qin et al., 2018; Johnson et al., 2013) . The production of H 2 by the reaction of water with both nZVI and NaBH 4 , which has been applied in excess for nZVI synthesis, can result in the alteration of flow paths away from target treatment areas (Johnson et al., 2013) by blocking pores, as has also been reported for zero-valent iron used in permeable reactive barriers (Ruhl and Jekel, 2014; Jeen et al., 2012) .
Background
Several studies have suggested that critical gas saturations (i.e., the gas saturation at which a connected gas pathway is first formed) during internal drainage can be larger than those during external drainage. For example, Kamath and Boyer (1995) reported a critical gas saturation of 0.10 during internal drainage of a well-sorted Colton sandstone core by depressurization, which was higher than the critical gas saturation of 0.01 during external drainage for their sample. Sheng et al. (1999) suggested that the higher critical gas saturations during internal gas drive are attributed to the formation of a disconnected gas phase following exsolution, growth, and coalescence within a depressurized or heated domain, as opposed to invasion along the most conductive channels during external drainage. Zuo et al. (2012) reported a low mobility of exsolved CO 2 during pressure depletion in a sandstone core even at high gas saturations of 40%. Similarly, Egermann and Vizika (2001) and Poulsen et al. (2001) reported gas relative permeabilities that were orders of magnitude less as a result of internal drainage compared with external drainage.
Many researchers have shown increased interest in improving the understanding of the effect of increasing gas saturation on the reduction of aqueous relative permeability in soils (Faybishenko, 1995; Fry et al., 1997; Marinas et al., 2013; Sakaguchi et al., 2005) . In some studies, the term quasi-saturated hydraulic conductivity (K quasi ) has been used to describe the effective hydraulic conductivity in the presence of trapped gas. This term is more specific than unsaturated hydraulic conductivity, which is used to describe water flow in unsaturated soils at any gas saturation, typically within the vadose zone (Faybishenko, 1995) . The ratio of the quasi-saturated hydraulic conductivity to the saturated hydraulic conductivity (K S ) is equal to the aqueous relative permeability in the presence of trapped gas. To examine the effects of both mobile and immobile air on the aqueous relative permeability of a loam, Faybishenko (1995) entrapped air by external imbibition at gas saturations of 5 to 10%. The presence of both mobile and immobile gas decreased the aqueous relative permeability. The subsequent release of mobile gas and the dissolution of immobile gas during water flushing resulted in an increase in the effective hydraulic conductivity by approximately one to two orders of magnitude, approaching the value of the saturated hydraulic conductivity (Faybishenko, 1995) . Marinas et al. (2013) used water table fluctuations to trap air bubbles in sand-pack columns to investigate the relationship between quasi-saturated hydraulic conductivity and trapped gas saturations. Initial trapped gas saturations between 6.3 and 16.5% resulted in K quasi values approximately two to six times lower than K S . The application of 250 cm of water pressure caused an 18 to 26% reduction in the trapped gas saturations, which increased K quasi by 1.16 to 1.57 times compared with the initial value (Marinas et al., 2013) . Fry et al. (1997) performed column experiments to emplace gas into water-saturated porous media for application to aerobic in situ bioremediation. They applied three emplacement methods in their experiments: direct gas injection, injection of water supersaturated with gas, and injection of a H 2 O 2 solution. Supersaturated water and H 2 O 2 solution injection (internal drainage) generated the largest volume of trapped gas (23-55% of the pore space) in both medium and coarse sands used for their experiments compared with 14 to 17% using direct gas injection (external drainage). Fine sand in their experiments trapped approximately the same volume of gas for all three emplacement methods (16-21% of the pore space). The emplacement of trapped gas resulted in aqueous relative permeability values of 0.62 to 0.05 for trapped gas volumes from 14 to 55% of the pore space. Zuo et al. (2012) conducted an experimental study of CO 2 exsolution related to depressurization in high-permeability and low-permeability sandstone cores. The measured CO 2 gas saturation increased to 45% as the pressure dropped from 12.41 to 2.76 MPa. The aqueous relative permeability dropped significantly once the gas exsolved, measuring <0.1 after critical gas saturation was achieved and the gas became mobile (at a gas saturation of 11.7-15.5%). This was attributed to the formation of disconnected gas bubbles that blocked the water flow (Zuo et al., 2013 (Zuo et al., , 2012 . This dramatic drop in relative permeability as CO 2 exsolved, compared with external drainage, indicated that the influence of exsolved gas on aqueous relative permeability is larger than for gas introduced into the pore space by external drainage. Other studies, however, have shown little difference in the aqueous relative permeability following internal drainage compared with external drainage (Poulsen et al., 2001; Jang and Santamarina, 2014) , despite differences in gas relative permeability. Furthermore, those studies that have reported aqueous relative permeability differences (Egermann and Vizika, 2000; Zuo et al., 2012) have shown similar aqueous relative permeabilities at low gas saturations (e.g., less than approximately 5%).
Materials and Methods

Experimental Apparatus
Experiments were performed in a thin (22 by 34 by 1 cm) acrylic flow cell packed with silica sand (Fig. 1 ). Experiments used either Accusand 12/20, 20/30, or a mixture of equal parts 12/20, 20/30, and 30/40 by weight. The median particle diameters (d 50 ) for the 12/20, 20/30, and 30/40 sands were 1.10, 0.71, and 0.53 mm, respectively (Schroth et al., 1996) . All sands were initially rinsed with deionized water to remove fines and were wet-packed as a slurry by continuously pouring the sand into the flow cell while the cell was partially filled with deionized water. This careful emplacement was used to establish a homogeneous, water-saturated pack initially free of trapped gas.
Stainless steel mesh was used to separate the sand pack from the ends of the cell, creating a 1-cm-wide clear well on each end and a 32-cm-long sand pack. These clear wells were used to promote uniform horizontal flow of NaBH 4 solution prior to the exsolution experiments and of water during the dissolution experiments, as well as to provide a pathway for water to be displaced out of the flow cell during gas production by exsolution. The lid of the flow cell was sealed to the top of the walls using a neoprene gasket and fastened using threaded rods installed through the corners and the middle edges of the lid. These rods were outside of the cell and did not impede flow. This seal ensured that gas produced in the flow cell remained in the flow cell, and packing up to the lid ensured that no grain rearrangement occurred during exsolution. Four ports on the bottom of the flow cell were fitted with hydrophilic nylon membranes (10-mm pore size, EMD Millipore Corporation), which allowed drainage of the sand pack to a residual water saturation. A differential pressure transducer (Model TJE low range wet-wet, Honeywell International) was connected to the clear wells to measure the differential pressure during water flow through the cell for the calculation of hydraulic conductivity. The differential pressure data were recorded (HOBO UX120-006M, Onset Computer Corporation) throughout each experiment.
Exsolution Experiments
A series of nine exsolution experiments were conducted, referred to as E-1 to E-9 (Table 1) . At the beginning of each experiment, deionized water was pumped through the water-saturated sand pack in the flow cell at 36 to 41 mL/min (resulting in a pore water velocity of 4.3-4.9 cm/min, depending on the porosity of the pack). The pressure difference between the inflow and outflow clear wells was measured to determine the saturated hydraulic conductivity. This reasonably high pore water velocity was used to produce high pressure drops with measureable differences between saturated and exsolved gas or trapped gas conditions. At this velocity, Reynolds numbers were 0.5 to 0.9 to maintain flow in the Darcy regime, and capillary numbers were 1 ´ 10 −5 to limit mobilization of trapped gas by viscous forces.
Following deionized water flow through the water-saturated sand, approximately two pore volumes (610 mL) of chilled NaBH 4 solution (4°C) were pumped through the flow cell to emplace the solution throughout the sand pack. Cooling the solution to 4°C decreased the reaction rate of NaBH 4 with the water such that no exsolution occurred during this emplacement. The pump was then stopped and the solution warmed up to room temperature (21°C), producing a uniform distribution of exsolved H 2 according to (Gonçalves et al., 2007) ( )
Although Eq.
[1] indicates that four moles of H 2 will be produced per mole of NaBH 4 (2.4 L of gas per 1 g of water at room temperature and atmospheric pressure), it is widely accepted (Gonçalves et al., 2007; Liu and Li, 2009; Schlesinger et al., 1953) that less H 2 will be produced due to an increase in solution pH, which will decrease the reaction rate. During exsolution, water was displaced by the generation and expansion of gas and was discharged through one of the lowest side ports. The mass of water discharged, corrected for any gas observed in the clear wells, was used to calculate the volume of gas in the sand pack. Exsolution was allowed to continue until <0.1 g of water was displaced from the cell during 5 min. This lasted between 2 and 10 h across experiments E-1 to E-9, with less time required for experiments that used lower NaBH 4 concentrations.
The nine experiments were performed using a range of NaBH 4 concentrations between 21 and 82 mg/L. This followed a 3 2 factorial design, with three levels each of sand size and NaBH 4 concentration as factors. These concentrations were chosen to achieve a range of gas saturations following exsolution. In the context of nZVI injection, these NaBH 4 concentrations are low. Concentrations used for nZVI synthesis are typically 2:1 to 4:1 in excess of stoichiometric requirements (Boparai et al., 2011; Kocur et al., 2013; Phenrat, 2008) , which is equal to 1250 and 5000 mg/L assuming an nZVI concentration of 1 g/L. Therefore, the NaBH 4 concentrations used here are more representative of those where much of the excess NaBH 4 has reacted prior to injection or where mixing in the injection well has diluted the concentrations. Using these lower concentrations prevented the creation of a connected, mobile gas phase by macroscopic coalescence and promoted spatially uniform gas production that allowed a measurement of the quasi-saturated hydraulic conductivity across the entire cell. The ability to control the volume of gas produced through careful selection of the NaBH 4 concentration is an advantage of using this exsolution method rather than a decrease in pressure or an increase in temperature.
Relative Permeability Experiments
Following Exsolution and during Dissolution
Following exsolution, and with no alteration of the sand pack or the trapped gas within it, deionized water was pumped through the flow cell at 36 to 41 mL/min to determine the quasisaturated hydraulic conductivity based on the differential water pressure between the clear wells. Any gas that had accumulated in the clear wells during dissolution was removed prior to water flow by opening the top side port on each clear well and flushing that clear well with water. One relative permeability experiment was conducted for each exsolution experiment, referred to as R-1 to R-9 (Table 1) . Water flow continued for 18 to 20 pore volumes for Exp. R-2 to R-6, but continued for 99 to 516 pore volumes for Exp. R-1 and R-7 to R-9 to investigate changes in the quasi-saturated hydraulic conductivity during dissolution of the exsolved gas. Aqueous relative permeability values were calculated as the ratio of quasi-saturated hydraulic conductivity and saturated hydraulic conductivity, specific to each individual sand pack.
Following Drainage and Imbibition
Following exsolution (for Exp. R-2 to R-6) or exsolution and dissolution (for Exp. R-1 and R-7 to R-9), each sand pack was drained to residual water saturation by allowing air to enter the clear wells through the uppermost side ports and water to exit through the hydrophilic membranes installed in the bottom ports. Care was taken to ensure drainage at a capillary pressure less than the entry pressure of the membranes (i.e., no air entered the tubes connected to the bottom ports). Once drained to residual, water was imbibed through the membranes to the top of the cell. Water flow was then induced under the same conditions as those used following exsolution, and the measured differential water pressure was used to calculate the aqueous relative permeability for each sand pack. These are referred to as the trapped-air experiments ( Table 2) .
Light Transmission Imaging
Throughout the exsolution and relative permeability experiments, both following exsolution and following external drainage and imbibition, digital images were collected to quantify local gas saturations using a light transmission technique (Mumford et al., 2015; Niemet and Selker, 2001; Tidwell and Glass, 1994) . The light transmission setup consisted of a light-emitting diode (LED) panel (Led Go, CN-1200H) behind the cell and a digital camera (Canon, EOS Rebel T3i) in front of the cell. The light, camera, and cell were covered to reduce changes in ambient light intensity throughout the experiments, and camera settings and lighting conditions were held constant during each test. This method has been used in several previous studies to quantify gas saturations in thin flow cells (Hegele and Mumford, 2014; Mumford et al., 2015; Niemet and Selker, 2001; Norton, 1995; Tidwell and Glass, 1994; Ye et al., 2009 ), and gas saturations in similar acrylic cells have been verified against a total water mass balance during stable air-water drainage. The light intensity in the captured images is related to the water saturations using (Niemet and Selker, 2001) where S w is the water saturation, I is the local light intensity transmitted through a sand pack, I s is the light intensity transmitted through a completely water-saturated sand pack, I r is the light intensity transmitted through a sand pack at residual water saturation, and S r is the residual water saturation. Gas saturation can then can be calculated as S g = 1 − S w . These saturations represent thickness-averaged values, based on the reduction in light intensity through the 1-cm thickness of the sand pack. The light transmission algorithm was implemented using MATLAB, in which a 15-by 15-pixel median filter was applied to the gas saturation fields to reduce image noise, providing a spatial resolution of 2.1 mm. Rather than measuring I r values using images of sand packs drained to residual water saturation, the I r /I s term in Eq.
[2] was used as a fitting parameter (Mumford et al., 2015) , obtained by matching the displaced water volume during the exsolution experiments to image-based gas volumes. This is equivalent to calibrating light intensity values by fitting the average number of pores across the samples, as proposed by Tidwell and Glass (1994) . Each value of I r /I s represents an average across the entire image rather than a local value (Niemet et al., 2002) , which is a reasonable assumption for the uniform sands used in this study. The best-fit I r /I s values were then used to process images from the relative permeability experiments during dissolution.
Results and Discussion
Sand Pack Characterization
The porosity of each sand pack was calculated based on a measured bulk density. The average porosity of each of the 20/30 and 12/20 sands was 0.38 (Table 1) , which is at the upper end of other reported values (Hegele and Mumford, 2014; Niemet and Selker, 2001; Schroth et al., 1996; Smits et al., 2010; Zhuang et al., 2009) , and the average porosity of the mixed sand was 0.36. Residual water saturations were measured in a separate set of nine experiments conducted in the same flow cell (three per sand type) following the procedure described below but starting with a watersaturated sand pack rather than a sand pack after exsolution and dissolution. Residual water saturations calculated from the initial and drained water volumes were 0.031 ± 0.001 (mean ± one standard deviation) and 0.030 ± 0.0003 for the 20/30 and 12/20 sands, respectively. These values are less than other reported values but consistent with the looser pack used here. The value was 0.027 ± 0.002 for the mixed sand. The saturated hydraulic conductivity, measured prior to exsolution, was 28.3 ± 4.2, 73.8 ± 4.6, and 20.0 ± 1.8 cm/min for the 20/30, 12/20, and mixed sands, respectively, showing reasonable repeatability between packings of the same sand (Table 2) . These values are higher than those reported elsewhere (Schroth et al., 1996; Zhuang et al., 2009) , also due to the looser packing. The saturated hydraulic conductivity of the mixed sand was lower than that of the 20/30 and 12/20 sands, which was expected given its poorly sorted nature.
Hydrogen Gas Production
Hydrogen gas was produced during each of Exp. E-1 to E-9. Selected images, processed to calculate gas saturations using Eq.
[2], are shown in Fig. 2 . Experiments E-2, E-4, and E-9 are shown to illustrate experiments in all three sands for NaBH 4 concentrations of 21, 41, and 82 mg/L. The sand packs were initially water saturated (filled with chilled NaBH 4 solution that had yet to react with water) and appear in Fig. 2 as plain white images ( Fig.  2a, 2e, and 2i ). Each row of images in Fig. 2 shows increasing gas saturations with increasing time that are distributed throughout the height and width of the flow cell without substantial spatial bias toward the top or bottom. This demonstrates uniform exsolution of gas without large-scale coalescence and mobilization. If it had occurred, this coalescence and mobilization would have resulted in higher gas saturations (pooled gas) at the top of the flow cell. Gas saturations also increased with increasing NaBH 4 concentrations (Fig. 2d, 2h, and 2l) . Gas saturation measurements within 1 cm of the bottom of each image were affected by light reflecting through the clear base of the cell, and gas saturation measurements within 1 cm of the top of each image were affected by shadows from the cell lid. Gas saturations in these regions were set to be equal to values immediately above or below, respectively, during the calculation of the gas volumes based on the captured images.
The gas volumes produced in Exp. E-2, E-4, and E-9 as determined by water displacement are presented in Fig. 3 . Also shown are the gas volumes determined by light transmission (Eq. [2] ) and fit to the water displacement data by calibrating the value of I r /I s . The best-fit values of I r /I s for the 12/20, 20/30, and mixed sands were 0.69, 0.56, and 0.67, respectively. These values are consistent with the values of 0.71 ± 0.08 and 0.63 ± 0.07 for the 12/20 and 20/30 sands, respectively, reported previously using this technique (Mumford et al., 2015) to fit a ratio of transmitted light intensities for a dry and water-saturated pack. The error bars in Fig. 3 are based on a range of I r /I s values that produced reasonable fits to the water displacement data combined with Eq. [2].
The rate of gas formation decreased with increasing time, with gas volumes reaching a plateau after 70 to 400 min, depending on the injected NaBH 4 concentration (Fig. 3) . The declining rate of gas formation with time is consistent with previous studies that reported a similar trend during NaBH 4 self-hydrolysis (Gonçalves et al., 2007; Pinto et al., 2006) . As expected, the actual produced volumes of H 2 were less than the stoichiometric volumes, according to Eq. [1] and using the ideal gas law, calculated as 32, 63, and 127 cm 3 for E-4, E-2, and E-9, respectively, which is also consistent Fig. 2 . Selected processed images showing gas saturations from (a-d) Exp. E-4 (21 mg/L of NaBH 4 in 12/20 sand), (e-h) Exp. E-2 (41 mg/L in 20/30 sand), and (i-l) Exp. E-9 (82 mg/L in mixed sand) at times following NaBH 4 emplacement. The threaded rod in the middle of the cell's front face has been removed from these images and the gas saturations to either side of that rod placed adjacent to each other. p. 7 of 11 with previous studies (Gonçalves et al., 2007; Liu and Li, 2009; Schlesinger et al., 1953) .
For all of the sands used, and as expected, the volume of H 2 produced increased with increases in the injected NaBH 4 concentration. Based on the uniform gas distribution (Fig. 2) , the gas volumes were used to calculate average gas saturations in the cell (Table 2 ). The lowest solution concentration of 21 mg/L produced gas saturations of 0.046 ± 0.002, 0.025 ± 0.006, and 0.056 ± 0.009 in the three sands. These gas saturations were close to the trapped air saturations at the end of imbibition of 0.044 ± 0.008, 0.041 ± 0.015, and 0.051 ± 0.013 for the 20/30, 12/20, and the mixed sand, respectively, and only the saturation of 0.025 ± 0.006 in the 12/20 sand was statistically different. These trapped air saturations are lower than the values of 0.08 to 0.11 reported by Schroth et al. (1996) , consistent with lower trapping at higher porosities (Iglauer et al., 2011) . The highest gas saturation (0.241) was generated using the 82 mg/L NaBH 4 solution (Exp. E-9) in the mixed sand and was 4.7 times greater than the trapped air saturations.
Despite gas saturations following exsolution that were higher than the trapped air saturations remaining following external drainage and imbibition, no gas mobilization as bubbles or channels was observed in any of the experiments. While individual trapped gas bubbles were not observed directly using the images, the immobility of the H 2 demonstrates that the exsolved gas remained disconnected and trapped in the pores. These gas saturations produced by internal drainage are different than those produced by external displacement, during which gas at saturations greater than the non-wetting residual saturation is always continuous and gas relative permeability is greater than zero. This is consistent with the findings of Zuo et al. (2012) , where exsolved CO 2 in their experiments exhibited no mobility even at high gas saturations.
Relative Permeability
Values of the saturated hydraulic conductivity, quasi-saturated hydraulic conductivity following gas exsolution, and quasi-saturated hydraulic conductivity following air entrapment by drainage and imbibition are presented in Table 2 and Fig. 4 . Air trapping by external drainage and imbibition significantly reduced the hydraulic conductivity to 17.3 ± 3.2, 49.2 ± 2.4 cm/min, and 11.3 ± 0.6 cm/min. This corresponds to aqueous relative permeability values of 0.61 ± 0.02, 0.67 ± 0.02, and 0.58 ± 0.03 in the 20/30, 12/20, and mixed sands, respectively (i.e., quasi-saturated hydraulic conductivities were 58-67% of the saturated hydraulic conductivities).
A comparison of these values with the quasi-saturated hydraulic conductivity following H 2 exsolution at the different NaBH 4 concentrations is shown in Fig. 4 . In experiments conducted in all three sands, the hydraulic conductivity decreased with increased NaBH 4 concentration due to higher gas saturations produced by exsolution (Table 2) . For all three sands, the quasi-saturated hydraulic conductivity following air entrapment by external drainage and imbibition was between the quasi-saturated hydraulic conductivities following exsolution from the 21 and 82 mg/L NaBH 4 solutions (Fig. 4) . As expected, higher trapped gas saturations produced by exsolution compared with those produced by external drainage and imbibition resulted in a larger range of quasi-saturated hydraulic conductivities. That is, in the presence of a gas phase whose relative permeability is zero (i.e., discontinuous and trapped), the aqueous relative permeability following exsolution can be lower than that following air entrapment because the trapped gas saturations are higher. Nevertheless, when trapped gas saturations were similar, so were the quasi-saturated hydraulic conductivities (Table 2) .
Aqueous relative permeability data for each of the 12/20, 20/30, and mixed sands are shown in Fig. 5 . The data were fit using the Brooks-Corey-Burdine model for relative permeability (Brooks and Corey, 1964) :
where k rw is the aqueous relative permeability, l is the pore-size distribution index, and S e is the effective water saturation. Best-fit l values (R 2 values of 0.91-0.98) were found to be 0.27, 0.47, and 0.31 in the 20/30, 12/20, and mixed sands, respectively. These values are much less than the previously published values of 5.57 and 3.94 for the 20/30 and 12/20 sands, respectively (Schroth et al., 1996) , required to fit published capillary pressure-saturation curves during external drainage. The result is steeper-thanexpected aqueous relative permeability curves. Steep curves have been reported in previous studies for systems containing trapped gases (Marinas et al., 2013) , and additional research is required to investigate this difference. Each curve contains data from multiple relative permeability experiments following exsolution from a range of NaBH 4 solutions: R-1 to R-3 for 20/30, R-4 to R-6 for 12/20, and R-7 to R-9 for the mixed sand. Using a range of NaBH 4 solutions allowed multiple gas saturations to be investigated. The highest gas saturations for each NaBH 4 concentration in Fig. 5 (three concentrations in each of Fig. 5a-5c ) are lower than those measured immediately following exsolution (Table 2 ) because some dissolution of gas occurred in all experiments before the pressure measurements reached a steady state. Additional measurements throughout dissolution of the H 2 were also used to add data to these curves for the R-1 experiment in the 20/30 sand and the R-7 to R-9 experiments in the mixed sand.
In all three sands, but particularly evident in the data from the mixed sand (Fig. 5c ), the aqueous relative permeability measured during H 2 dissolution aligned with the aqueous relative permeability measured during exsolution. That is, data during dissolution from a higher NaBH 4 concentration overlaps the data during exsolution from a lower NaBH 4 concentration and were used to construct one aqueous relative permeability curve. In addition, and importantly, the aqueous relative permeability measured after air trapping by external drainage and imbibition also falls on the same curve as the data collected during exsolution and dissolution. This suggests that there is no significant difference between the aqueous relative permeability that results from internal and external displacement processes in these uniform, loosely packed sands for the same gas saturation. This agrees with previous findings that despite the trapping of higher gas saturations by internal drainage, there was no significant change in the aqueous relative permeability dependence on saturation (Poulsen et al., 2001; Jang and Santamarina, 2014) . It also agrees with previous findings that although the aqueous relative permeability may differ between internal and external drainage at lower water saturations (higher gas saturations), there was little difference at higher water saturations (Egermann and Vizika, 2001; Zuo et al., 2012) . This may be particularly relevant for applications of gas exsolution or gas injection and migration in homogeneous porous media, where gas saturations have been shown to be low (e.g., Plampin et al., 2014b; Van De Ven and Mumford, 2019) .
While Exp. R-1 to R-9 show that external drainage and imbibition result in similar aqueous relative permeability as for exsolution at similar (and high) water saturations, caution should be exercised in applying these results too generally, for two reasons. First, two of the sands used in these studies have narrow grain-size distributions and are expected to have narrow pore-size distributions. Differences in aqueous and gas relative permeability caused by internal and external displacement are due to the nucleation or invasion and trapping of gas in a variety of pores compared with only in the largest pore spaces, respectively (Poulsen et al., 2001; Egermann and Vizika, 2001; Zuo et al., 2012; Jang and Santamarina, 2014) . There is less variation in the pore sizes of the sands used here than in other porous media, so differences between invading a variety of pores and invading the largest pores is not as pronounced. Nevertheless, the consistent results in the mixed sand suggest that while these results might not apply to all media, they can be applied to a variety of sands. Second, this study was focused on quasi-saturated hydraulic conductivity and the associated aqueous relative permeability-that is, the aqueous relative permeability when the gas relative permeability is zero. No comparisons of relative permeability were made at lower water saturations when the gas relative permeability resulting from external drainage and imbibition would be greater than zero but the gas relative permeability resulting from internal exsolution would remain zero. More general conclusions concerning aqueous relative permeability require additional investigation across a broader range of water saturations and a broader range of porous media.
Summary and Conclusions
A series of laboratory experiments were conducted to investigate the exsolution of H 2 caused by the reaction of NaBH 4 and water and the subsequent reduction of aqueous relative permeability following exsolution and dissolution. This novel technique, in which exsolution was initiated by chemical reaction rather than by a decrease in pressure or increase in temperature, offered control over the volume of exsolved gas through the choice of the NaBH 4 concentration as well as an ease of implementation at relatively low temperature and pressure. As expected, increased NaBH 4 concentrations produced increased gas saturations, ranging from 0.03 to 0.24 across the different sands and concentrations used here. In all cases, the exsolved gas remained immobile, despite gas saturations that were significantly greater than the trapped air saturations of 0.04 to 0.05 produced by external drainage and imbibition in the same sand packs. This is consistent with previous studies of internal drainage that have reported higher critical gas saturations compared with external drainage. The aqueous relative permeabilities following exsolution, dissolution, and external drainage and imbibition all fell on the same aqueous relative permeability-water saturation curve. This suggests that there is no significant difference in the aqueous relative permeability dependence on water saturation resulting from either internal or external displacement processes in uniform, loosely packed sands like those used in this study.
The results of this study indicate that traditional aqueous relative permeability relationships, based on external drainage, may be suitable to describe the effects of internal drainage in uniform, loosely packed sands. However, additional investigation across a wider range of porous media and at higher gas saturations is required. The results of this study also demonstrate the potential importance of gas production and exsolution associated with in situ remediation technologies used to treat contaminated groundwater, where reduced aqueous relative permeability can impact the delivery of remediation fluids to target treatment zones. For example, trapped gas produced by internal drainage could have a greater effect on water flow due to trapping of higher gas saturations. In such applications, differences in gas solubility from the H 2 used in this study will be an important consideration, with greater solubility resulting in less exsolution and a higher likelihood of creating discontinuous trapped gases rather than continuous flowing channels. The distribution of trapped gases is also expected to be different for internal and external displacement processes, resulting in different mass transfer rates between trapped gas and the surrounding groundwater as well as different transport pathways for volatile contaminants.
